Purpose: An anti-HER2 antibody-drug conjugate with a novel topoisomerase I inhibitor, DS-8201a, was generated as a new antitumor drug candidate, and its preclinical pharmacologic profile was assessed.
Introduction
HER2 is a member of the EGFR family of transmembrane receptors (1) and overexpresses in a broad number of cancer types, such as bladder, breast, cervical, cholangio, colorectal, endometrial, esophageal, gastric, head and neck, liver, lung, ovarian, and salivary gland cancers (2, 3) . Especially, amplification and overexpression of HER2 occurs in 25% to 30% of the instances of human breast cancer and are associated with a poor prognosis (4, 5) . Several HER2-targeting therapies such as trastuzumab (6, 7), lapatinib (8) , pertuzumab (9) , and T-DM1 (10) have been approved worldwide for patients with HER2-positive tumors, which are defined as either IHC 3þ or IHC 2þ/FISHpositive. However, there is no HER2-targeting therapy targeting HER2-weak-positive tumors such as IHC 2þ/FISH-negative and IHC 1þ.
Among the HER2-targeting drugs, T-DM1 is the only antibodydrug conjugate (ADC) in the market which is composed of trastuzumab and a tubulin polymerization inhibitor, DM1 (11) . In its phase III clinical trial, EMILIA study, T-DM1 was shown to prolong survival and improve quality of life in a well-balanced manner with higher levels of efficacy and safety in HER2-positive breast cancer patients (10) .
Other than T-DM1, SGN-35 (Brentuximab vedotin) has been approved (12) and more than 30 kinds of ADC programs are currently in clinical trials (13) . However, most of them are applied to linker-payload systems similar to T-DM1 or SGN-35 (Brentuximab vedotin), which carry tubulin polymerization inhibitors (DM1 and MMAE, respectively). In the clinical trials of these tubulin inhibitor-conjugated ADCs, several dose-limiting toxicities such as thrombocytopenia, neutropenia, and neuropathy were observed, and some were considered to be mediated by the free drugs in plasma (14) . Considering these situations, an improvement of linker-payload systems in terms of different antitumor spectrum, overcoming drug resistance to the conventional systems, and providing a greater safety profile would be much desired.
Using our original linker-payload technology, we have designed DS-8201a, a new HER2-targeting ADC composed of a humanized anti-HER2 antibody, enzymatically cleavable peptide-linker, and a novel topoisomerase I inhibitor. Topoisomerase I inhibitors such as irinotecan (CPT-11) bind to topoisomerase I-DNA cleavable complexes and stabilize them, resulting in the induction of double-strand DNA breaks and apoptosis (15) . In a clinical setting, these are widely used for colorectal (16) , gastric (17) , and other cancers (18) (19) (20) (21) . We previously developed exatecan mesylate (DX-8951f) as a novel topoisomerase I inhibitor which had more potent efficacy than CPT-11 against various tumor xenograft models, including CPT-11-resistant tumors in vivo (22) , and a phase III trial in pancreatic cancer was conducted (23) . A DX-8951 derivative (DXd) was used as the conjugated drug for DS-8201a, aiming to provide an additional and promising pharmacologic option for current HER2-targeting therapy.
In addition, our linker-payload system enabled conjugation with 8 molecules of DXd per antibody. The drug-to-antibody ratio (DAR) of current ADCs ranges from 2 to 4 as a higher DAR could have some problems, including fast clearance of the ADC in vivo, and a higher exposure to the released drug in plasma associated with off-target toxicities (24) . In the case of T-DM1, systemic clearance of T-DM1 was more rapid than clearance of total trastuzumab in both cynomolgus monkeys and humans, and released DM1 was detectable (25, 26) . DS-8201a is a stable and homogeneous DAR 8 ADC without the drawbacks above and is expected to steadily deliver much of the potent topoisomerase I inhibitor to the tumors.
Herein, we describe the preclinical profile of DS-8201a, including efficacy, pharmacokinetics, and safety. DS-8201a showed excellent antitumor activity against a T-DM1-insensitive model and HER2-low expression models, and a favorable pharmacokinetics and safety profile, suggesting its potential to address unmet medical needs in HER2-expressing patients.
Materials and Methods

Antibodies and ADCs
The anti-HER2 Ab was a human monoclonal IgG1 produced with reference to the same amino acid sequence as trastuzumab, and DS-8201a was synthesized according to the conjugation procedure described in another report (27) using the anti-HER2 Ab; its DAR was 7.7, as determined by reverse-phase chromatography (RPC). The drug distribution was analyzed by hydrophobic interaction chromatography (HIC). T-DM1 was purchased from Genentech or synthesized according to a previous report (28) . Human IgG1 was purchased from Eureka Therapeutics Inc. Control IgG-ADC was synthesized using the same method as DS8201a, resulting in a comparable DAR. Anti-HER2 ADC with DAR 3.4 was synthesized with a similar method to that of DS-8201a.
Cell lines
The human gastric carcinoma cell line NCI-N87, the human breast adenocarcinoma cell lines SK-BR-3 and MDA-MB-468, and the human pancreatic cancer cell lines Capan-1 and CFPAC-1 were purchased from ATCC. The human breast cancer cell line JIMT-1 was purchased from DSMZ. The human breast cancer cell line KPL-4 was provided from Dr. Kurebayashi at the Kawasaki Medical University (Okayama, Japan). The human gastric cancer cell line GCIY was provided by the Institute of Physical and Chemical Research (Japan). All cell lines except for MDA-MB-468 were cultured with appropriate mediums (RPMI1640 medium for KPL-4, NCI-N87, and GCIY, McCoy 5A Medium for SK-BR-3, DMEM for JIMT-1, and IMDM for Capan-1 and CFPAC-1) supplemented with 10% heat-inactivated FBS at 37 C and 5% CO 2 atmosphere. MDA-MB-468 was cultured with Leibovitz's L-15 medium supplemented with 10% heat-inactivated FBS at 37 C in a free gas exchange with atmospheric air.
Topoisomerase I inhibitory assay SN-38 was purchased from Tokyo Chemical Industry Co., Ltd. and DX-8951f and DX-8951 derivative (DXd) was synthesized in-house. The inhibitory activities of SN-38, DX-8951f, and DXd against human topoisomerase I were evaluated by a topoisomerase I-mediated DNA relaxation assay according to a previous report (29) . Briefly, recombinant human topoisomerase I was incubated with each drug for 5 minutes. Then, supercoiled DNA pBR322 was added and incubated at 25 C for 60 minutes. After the electrophoresis of the mixture on an agarose gel, the amount of the supercoiled DNA was measured with a CCD imager.
Cytotoxic assay
Cells were seeded to a 96-well plate at 1,000 cells per well. After overnight incubation, each diluted substance was added. Cell viability was evaluated after 6 days using a CellTiter-Glo Luminescent Cell Viability Assay from Promega Corp. according to the manufacturer's instructions. For the detection of HER2 expression in each cell line, cells were incubated on ice for 30 
Translational Relevance
Most of the antibody-drug conjugates (ADC) in the market and in clinical trials are conjugated with the same type of drug, tubulin polymerization inhibitor. Currently, the development of a new drug linker system focusing on different types of drugs has been progressing. DS-8201a is a HER2-targeting ADC structurally composed of a humanized anti-HER2 antibody, enzymatically cleavable peptide linker, and a novel topoisomerase I inhibitor. DS-8201a showed potent antitumor activity based on the combination of pharmacologic effects of the antibody component with topoisomerase I inhibition. The stability in plasma was favorable and the safety profiles in rats and cynomolgus monkeys were acceptable into clinical trials. Moreover, DS-8201a was effective against T-DM1-insensitive tumors and HER2 low-expressing tumors. These data suggest that DS-8201a has the potential to respond to not only T-DM1-refractory breast cancer and HER2-positive patients, but IHC 1þ and 2þ/FISH-negative patients for whom current HER2-targeting therapies are ineffective.
Cell line and patient-derived xenograft studies
All in vivo studies were performed in accordance with the local guidelines of the Institutional Animal Care and Use Committee. Detailed study procedures are written in the supplement. Briefly, each cell suspension or tumor fragment was inoculated subcutaneously into specific pathogen-free female nude mice. When the tumor had grown to an appropriate volume, the tumor-bearing mice were randomized into treatment and control groups based on the tumor volumes, and dosing was initiated on day 0. Each substance was administered intravenously to the mice. Tumor growth inhibition (TGI, %) was calculated according to the following equation: 100 Â Average tumor volume of the treated group Average tumor volume of the control group
Pharmacokinetics of DS-8201a in cynomolgus monkeys
Concentrations of DS-8201a and the total antibody in plasma were determined with a validated ligand-binding assay; the lower limit of quantitation was 0.100 mg/mL. Concentrations of DXd in plasma were determined with a validated liquid chromatographytandem mass spectrometry (LC/MS-MS) method; the lower limit of quantitation was 0.100 ng/mL. DS-8201a was intravenously administered at 3.0 mg/kg to male cynomolgus monkeys. Plasma concentrations of DS-8201a, total antibody, and DXd were measured up to 672 hours postdose.
In vitro stability of DS-8201a in plasma
The release rate of DXd from DS-8201a at the concentration of 10 mg/mL at 37 C up to 21 days was evaluated in mouse, rat, monkey, and human plasma.
ELISA
For a binding assay, immunoplates were coated with 2.5 mg/mL His-tagged HER2-ECD protein (Sino Biological Inc.) in coating buffer and kept overnight at 4 C. After washing, the plates were blocked and each serially diluted substance was added to the wells. After incubation for 1.5 hours at 37 C, the plates were washed and incubated with HRP-conjugated anti-human IgG secondary antibody for 1 hour at 37 C. After washing, TMB solution was added and A 450 in each well was measured with a microplate reader. For the detection of phosphorylated Akt (pAkt), SK-BR-3 cells were preincubated in a 96-well plate for 4 days and then incubated with each substance for 24 hours. After incubation, the cells were lysed and intercellular pAkt and total Akt were detected by using a PathScan Phospho-Akt1 (Ser473) Sandwich ELISA Kit and PathScan Total-Akt1 Sandwich ELISA Kit (Cell Signaling Technology, Inc.) according to the manufacturer's instructions. Relative pAkt of each sample well was calculated by dividing treated normalized pAkt values by untreated normalized pAkt values.
ADCC evaluation
Antibody-dependent cell-mediated cytotoxicity (ADCC) activities were evaluated using human peripheral blood mononuclear cells ( C. Then, the membranes were washed and incubated with fluorescencelabeled secondary antibodies for 10 minutes using SNAP intradermally (Millipore). The fluorescence signal was detected using an Odyssey imaging system (LI-COR, Inc.).
Toxicity studies in rats and monkeys DS-8201a was intravenously administered intermittently at 3-week intervals over a 6-week period to Crl:CD(SD) rats or cynomolgus monkeys (Table 1) . Clinical signs, body weight, food consumption, and clinical pathology were monitored throughout the study. A necropsy was conducted on the day after the last administration. The reversibility of the toxic changes was assessed in a subsequent 9-week recovery period in rats and in a subsequent 6-week recovery period in cynomolgus monkeys.
Statistical analysis
All statistical analysis except for toxicity studies was performed using SAS System Release 9.1.3 and 9.2 (SAS Institute Inc.). Statistical analysis in toxicity studies was performed using MUS-COT (Yukms Co., Ltd.) All IC 50 and ED 50 values were determined by a Sigmoid Emax model, and dose dependency was evaluated by a Spearman rank correlation coefficient hypothesis test.
Results
Structure of DS-8201a
The structure of DS-8201a is shown in Fig. 1A . DS-8201a is a HER2-targeting ADC and is composed of an anti-HER2 antibody and a derivative of DX-8951 (DXd), a topoisomerase I inhibitor, which are bound together by a maleimide glycynglycyn-phenylalanyn-glycyn (GGFG) peptide linker. The linkerpayload is conjugated with the antibody via the cysteine residues after the interchain disulfide bounds are reduced with a reducing agent, tris (2-carboxyethyl) phosphine hydrochloride (TCEP HCl). As the tetrapeptide is decomposed by lysosomal enzymes such as cathepsins B and L which are highly expressed in tumor cells (30) (31) (32) (33) (34) , it is supposed that DS-8201a is cleaved by lysosomal enzymes and releases DXd, which attacks target molecules specifically in tumor cells after it binds to HER2 receptors and is internalized in tumor cells. By using RPC, the DAR of DS-8201a was determined as approximately 8, which is the theoretical maximum drug loading number for conventional interchain cysteine conjugation. Therefore, homogeneous drug distribution was observed in the HIC chart (Fig. 1B) . We confirmed that DXd is more potent in inhibitory activity in topoisomerase I than SN-38 as well as DX-8951f, as measured by a topoisomerase I-mediated DNA relaxation assay (Fig. 1C) .
Inhibition of cancer cell growth by DS-8201a
The inhibitory activity of DS-8201a against cancer cell growth was compared with an anti-HER2 Ab and control IgG-ADC-conjugated with DXd against various human cancer cell lines in vitro. HER2 expression on the cell surface of the cell lines KPL-4, NCI-N87, SK-BR-3, and MDA-MB-468 was firstly evaluated by flow cytometric analysis ( Fig. 2A) . The relative MFIs of KPL-4, NCI-N87, and SK-BR-3 were 95.7, 101.6, and 56.2, respectively, suggesting that HER2 is clearly expressed on the cell surfaces, whereas the relative MFI was 1.0 for MDA-MB-468, indicating no expression in the MDA-MB-468. Remarkable inhibitory activity to the cell growth was observed for DS-8201a against HER2-positive KPL-4, NCI-N87, and SK-BR-3, with the IC 50 values of 26.8, 25.4, and 6.7 ng/mL, respectively, whereas no such inhibition was seen against MDA-MB-468 with the IC 50 value of >10,000 ng/mL (Fig. 2B) . Although the anti-HER2 Ab showed cell growth-inhibitory activity against NCI-N87 and SK-BR-3, these activities were rather weaker than that of the DS8201a; the IC 50 values of NCI-N87 and SK-BR-3 were 204.2 and 65.9 ng/mL, respectively (Fig. 2B) . Also, control IgG-ADC did not show cell growth-inhibitory activities in any of the four cell lines (Fig. 2B) , although all four cell lines were sensitive to the payload, DXd (IC 50 : 1.43 nmol/L-4.07 nmol/L). These results indicate that the cell growth-inhibitory activity of DS-8201a was remarkably enhanced by drug conjugation to the anti-HER2 Ab, and also that DS-8201a shows target-specific growth inhibition against HER2-positive cell lines.
Antitumor activity in vivo
The in vivo antitumor activity of DS-8201a was evaluated in a HER2-positive NCI-N87 xenograft model. DS-8201a induced tumor growth inhibition in a dose-dependent manner and tumor regression with a single dosing at more than 1 mg/kg without inducing any abnormalities in the general condition or body weight changes of the mice (Fig. 2C) . In the same model, 4 mg/kg administration of anti-HER2 Ab partially inhibited the tumor growth, indicating 31% of tumor growth inhibition (TGI) compared with the control group on day 21 (Fig. 2D) . On the other hand, DS-8201a clearly showed more potent antitumor efficacy, indicating 99% TGI at the same dose of 4 mg/kg, so that the enhancement of efficacy by drug conjugation was observed in vivo as well as in the in vitro models (Fig. 2D) . Moreover, it is suggested that the in vivo efficacy of DS-8201a depends on its HER2 binding, as no inhibition of tumor growth was seen for the control-IgG ADC (Fig. 2D) .
Pharmacokinetics in cynomolgus monkeys
The plasma DS-8201a concentrations decreased exponentially after a single intravenous administration of DS-8201a. The volume of distribution at steady state (V ss ) of DS-8201a and total antibody was close to the plasma volume (data not shown). No clear difference was observed in the pharmacokinetic profile between DS-8201a and the total antibody, indicating that the peptide-linker of DS-8201a is stable in plasma even at DAR 8 (Fig. 2E) . A low level of DXd was detected only at the limited time points (Fig. 2E) .
In vitro stability in plasma
The release rates of DXd from DS-8201a ranged from 1.2% to 3.9% on day 21 in mouse, rat, monkey, and human plasma ( In vitro and in vivo efficacy and stability in plasma of DS-8201a. A, HER2 expression in several cancer cell lines. B, in vitro cell growth inhibitory activity in the cell lines. The cells were treated with DS-8201a, anti-HER2 Ab, and control IgG-ADC for 6 days. Each point represents the mean and SD (n ¼ 3). C and D, antitumor efficacy of DS-8201a in NCI-N87 xenograft model. The tumor-bearing mice were intravenously administered with DS-8201a, control IgG-ADC, and anti-HER2 Ab on day 0. Each point represents the mean tumor volume and SE (n ¼ 10). E, pharmacokinetics of DS-8201a in cynomolgus monkeys. DS-8201a was intravenously administered to cynomolgus monkeys at the dose of 3 mg/kg (n ¼ 3). F, in vitro stability of DS-8201a in plasma.
2F), and these were comparable or rather lower than those of other ADCs, such as T-DM1, SGN-35 (Brentuximab vedotin), and inotuzumab ozogamicin (35) (36) (37) . These results indicate that DS8201a is stable in plasma.
Mechanism of action of DS-8201a
To confirm the effect of the drug conjugation with the anti-HER2 Ab on binding activity to HER2, K d values of DS-8201a and the anti-HER2 Ab were determined by ELISA using HER2 ECD protein (Fig. 3A) . K d values were 7.3 ng/mL for DS-8201a and 7.8 ng/mL for the anti-HER2 Ab, indicating that drug conjugation did not affect HER2 binding. The major mechanisms of action of trastuzumab are thought to involve an ADCC activity by binding to FcgRIII on immune effector cells (38, 39) , and a downregulation of phosphorylated Akt (pAkt), which upregulates p27 expression and inhibits cell proliferation (40) . We investigated whether DS-8201a retains these same mechanisms of action as trastuzumab. Next, ADCC activity was measured by the detection of SK-BR-3 cell lysis mediated by human PBMCs. DS-8201a showed ADCC activity, resulting in 48.6% of maximum cytotoxicity with an EC 50 of 3.8 ng/mL (Fig. 3B) , and this effect was similar to the anti-HER2 Ab. Regarding the inhibition of phosphorylation of Akt, DS-8201a induced the downregulation of the intracellular pAkt (Ser473) in the SK-BR-3 cells in a dose-dependent manner after treatment for 24 hours (Fig. 3C ). In the same condition, the control IgG ADC did not affect the pAkt status. In SK-BR-3 cells, the treatment of trastuzumab decreased about 70% of the Akt phosphorylation (41) , suggesting that DXd conjugation may enhance the effect of unconjugated anti-HER2 antibody on pAkt. These evaluations of ADCC and pAkt indicate that DS-8201a retains the functions of trastuzumab after DXd conjugation.
On the other hand, DNA damage and apoptosis induced by topoisomerase I inhibition were evaluated by detecting phosphorylations of Chk1 and Histone H2A.X (the markers of DNA damage; refs. 42, 43), and cleaved PARP (the marker of apoptosis; ref. 44) in the KPL-4 cells in the presence of DS-8201a, the anti-HER2 Ab, or DXd using the Western blotting method (Fig. 3D ). An amount of 10 mg/mL of DS-8201a induced the phosphorylations of Chk1 and Histone H2A.X, and PARP cleavage. DXd induced the same changes as DS-8201a. Conversely, 10 mg/mL of anti-HER2 Ab did not induce a change in any of the objective proteins at any time point, including the untreated group. These results indicate that DS-8201a induced DNA damage and apoptosis in the same manner as DXd, and suggests that these changes were caused by the topoisomerase I inhibition activity of the released DXd from DS-8201a.
Therefore, DS-8201a is considered to exhibit HER2-specific cell growth inhibition and antitumor activity via a novel mechanism of action that combined the pharmacologic activities of an anti-HER2 antibody with those of the topoisomerase I inhibitor, DXd.
Safety profile of DS-8201a
A repeated intravenous dosing (every 3 weeks for 3 doses) study was conducted in cynomolgus monkeys, the cross-reactive species for DS-8201a, and in rats (antigen-non-binding species; Table 1 ). In the rat study, no deaths or life-threatening toxicities were found at dose levels up to 197 mg/kg, the maximum dose. Therefore, the severely toxic dose of 10% in animals (STD 10 ) was considered to be >197 mg/kg. In the monkey study, one female at the highest dose of 78.8 mg/kg was euthanized due to moribundity on day 26. The cause of the moribundity appeared to be the deteriorated condition of the animal, which included decreased body weight and food consumption, as well as bone marrow toxicity and intestinal toxicity. Microscopic findings in the intestines, bone marrow and lungs in the surviving monkeys are shown in Supplementary Table S1 . Gastrointestinal toxicity and bone marrow toxicity are typical dose-limiting factors in the clinical use of topoisomerase I inhibitors. The effects of DS-8201a on the intestines were very slight, and severe changes were not pronounced in any animal at up to 78.8 mg/kg. The bone marrow toxicity was produced only at 78.8 mg/kg, and was accompanied by decreases in reticulocyte ratios. No abnormalities in leukocyte and erythrocyte counts were observed in monkeys at 10 and 30 mg/kg. The repeated dose of DS-8201a caused moderate pulmonary toxicity in monkeys at 78.8 mg/kg, and findings graded as slight or very slight after the 6-week recovery period at !30 mg/kg. On the basis of the mortality and severity of the findings above, the highest non-severely toxic dose (HNSTD) for monkeys was considered to be 30 mg/kg. DS-8201a was well tolerated at the doses up to 197 mg/kg in rats and 30 mg/kg in monkeys following the repeated administration corresponding to the clinical regimen, and the nonclinical safety profile was acceptable for entry into human trials.
Antitumor activity of DS-8201a in low HER2-expressing tumors T-DM1 has been approved for HER2-positive metastatic breast cancer patients, defined as being HER2 IHC 3þ or IHC 2þ/FISH-positive according to the current guidelines (45) , and there are still clinical unmet needs in FISH-negative, HER2 1þ and 2þ populations for HER2-targeting therapies. Therefore, the antitumor activity of DS-8201a was evaluated in various mice xenograft models with different HER2 expression levels; KPL-4 (strong positive), JIMT-1 (moderate positive), Capan-1 (weak positive), and GCIY (negative) (Fig. 4A and B) . Anti-HER2 ADC with the same drug-linker as DS-8201a and about half the DAR (DAR 3.4) was also evaluated to investigate the effect of DAR on antitumor activity. While T-DM1 was effective against only the KPL4 model, DS-8201a was effective against all HER2-positive models with KPL4, JIMT-1, and Capan-1. Both ADCs were not effective in the GCIY model. Anti-HER2 ADC (DAR 3.4) inhibited tumor growth against all HER2-positive models, and the efficacy was HER2 expression-dependent. A stronger efficacy was apparently observed for DS-8201a than anti-HER2 ADC (DAR 3.4) in the HER2 weak-positive Capan-1 model. These results suggest that the high DAR ADC, DS-8201a, enables the delivery of sufficient payload amounts into cancer cells, indicating cytotoxicity even with low HER2 levels. In case of HER2 strong -positive models, even a low DAR ADC is able to deliver a sufficient amount of payload for cell death. DS8201a was effective in tumors with broader HER2 levels due to its high DAR, approximately 8. To confirm HER2-specificity of DS-8201a in a HER2 low-expressing model, a competitive inhibition study was performed in a HER2 low CFPAC-1 model (Fig. 4C) . The efficacy of DS-8201a was cancelled by the prior treatment of the anti-HER2 Ab, and the control IgG-ADC did not inhibit tumor growth at a 3-fold higher dose than DS-8201a. From these results, the HER2 specificity of DS8201a in a HER2 low-expressing model was confirmed.
Comparison with T-DM1 in PDX models
In addition to the cell line-based xenograft models, several PDX evaluations were performed to assess clinical benefits more precisely. In a gastric cancer PDX model, NIBIO G016, DS-8201a demonstrated potent antitumor activity with tumor regression, but T-DM1 did not (Fig. 5A) . As the HER2 status in this model was IHC 3þ/FISHþ, it is supposed that this difference in antitumor efficacy between DS-8201a and T-DM1 is based on the different sensitivity of payload due to dissimilar mechanism of action of each payload. In breast cancer PDX models, although both DS-8201a and T-DM1 were effective in the HER2 IHC 2þ/FISH-positive ST225 model, complete tumor regression was observed on day 21 in 3 of 5 mice treated with DS-8201a, not T-DM1 (Fig. 5B) . Furthermore, DS-8201a showed an antitumor activity in HER2 low-expressing ST565 and ST313 models with HER2 IHC 1þ/FISH-negative Fig. 5C and D) , but T-DM1 did not. This result indicated a similar tendency to the cell line-based xenograft models such as Capan-1 and CFPAC-1 ( Fig. 4B and C) . Consequently, DS-8201a showed more potent antitumor activity than T-DM1 in all 4 of these models with several HER2 expression levels. These results suggest that DS-8201a has a differentiable potential from T-DM1, which shows effectiveness in T-DM1-insensitive and HER2 low-expressing tumors, resulting from the different mechanisms of action of the conjugated drug and the high DAR of DS-8201a.
Discussion
Most of the ADCs currently in the market and in clinical development carry tubulin polymerization inhibitors such as T-DM1 and SGN-35 (Brentuximab vedotin; ref. 13 ). We synthesized a novel ADC with a topoisomerase I inhibitor, which has a different mechanism of action from tubulin polymerization inhibitors, and a novel self-immolative linker system using an aminomethylene (AM) moiety. Although other cleavable linker systems applied to SGN-35 (Brentuximab vedotin) and several ADCs release amino group-containing payloads, this AM self-immolative linker system is able to release DXd containing the hydroxyl group from DS-8201a. Moreover, this novel linker-payload system enables a reduction in the hydrophobicity of the ADC and helps increase its DAR. In the case of T-DM1, lysine conjugation and noncleavable systems are used, and it is quite a different system from DS-8201a. DS-8201a showed potent HER2-specific efficacy both in vitro and in vivo, and by drug conjugation maintained the functional effects of trastuzumab equal to those of T-DM1 (46) . Furthermore, the safety profiles of DS-8201a in rats and cynomolgus monkeys showed DS-8201a as being well tolerated.
These favorable profiles are thought to be attributed to the high stability of DS-8201a in plasma, even as an ADC with DAR 8. ADCs with greater DAR (DAR 6 and 8) are generally unstable and show higher clearances, which can result in decreasing efficacy and increasing toxicity (24) . In fact, in a mouse study, an anti-CD30 ADC conjugated with monomethyl auristatin E (MMAE) with DAR 8 did not improve the in vivo efficacy compared with the ADC with DAR 4 due to the accelerated plasma elimination of the ADC, and the therapeutic index was decreased 2-fold by the lowering of the MTD (24) . Our newly developed drug linker system enabled the anti-HER2 ADC to be stable in plasma and have preferable pharmacokinetics regardless of its high DAR, exhibiting a potent in vivo antitumor activity dependent upon the increased DAR. In the pharmacokinetic/pharmacodynamic analysis of DS-8201a, the human pharmacokinetic profiles following repeated administration of DS-8201a every 3 weeks for 3 cycles were simulated using the monkey pharmacokinetic data. On the basis of the simulated C trough , 0.8 mg/kg every 3 weeks of DS-8201a is expected to indicate some efficacy in the clinical setting (data not shown). The repeated dose monkey study with a every 3 weeks regimen revealed that DS8201a caused no severe toxicities at up to 30 mg/kg (HNSTD), indicating a wide therapeutic window.
The achievement of the DAR 8 ADC synthesis contributed to the antitumor effect on tumors with a low HER2 level. DS- 8201a with DAR 8 showed potent antitumor activity in HER2 low-expressing models, though the anti-HER2 ADC with DAR 3.4 did not. As the efficacy in HER2 low-expressing models was observed in a HER2-dependent manner, it was suggested that DS-8201a enables the delivery of more DXd to HER2 lowexpressing tumor cells than a lower DAR ADC. On the other hand, T-DM1 was not effective in these models, and the lower DAR of T-DM1 (DAR 3.5) than DS-8201a was considered to be one of the reasons. These results indicate the expansion of the patient population for DS-8201a treatment. Although HER2-positive patients who are defined as either IHC3þ or IHC2þ/ FISH-positive are treated with current HER2-targeting therapies, breast cancer patients who are defined as IHC1þ and IHC2þ/FISH-negative are over 50% of all the breast cancer patients (47) and there is no HER2-targeting therapy indicating any discernible benefit for them. DS-8201a has the potential to show a clinical response toward the IHC1þ and IHC2þ/FISHnegative populations as well.
In the PDX model, DS-8201a showed potent antitumor activity against T-DM1 primary insensitive cancer. MDR1 (pglycoprotein) mediated efflux is known as one of the mechanisms having less sensitivity to tubulin polymerization and depolymerization inhibitors in the market, such as vincristine and paclitaxel, respectively (48, 49) . Similarly, it was reported that DM1 is a substrate for MDR1 (37) and an anti-EpCAM-SMCC-DM1, which utilizes the same linker-payload as T-DM1, is also ineffective against MDR1-expressing tumors (50) . On the other hand, DX-8951f exhibits potent antitumor activity in several xenograft models regardless of MDR1-expression, including a vincristine-resistant cell (22) and we have preliminary data that DXd showed cytotoxicity against MDR1-expressing cells. From these facts, DS-8201a is supposed to be an MDR1 poor substrate and has the possibility to overcome the primary resistance to T-DM1.
According to a phase II trial of T-DM1 (TDM4558g), however, the primary resistance to T-DM1 may be relatively infrequent, indicating around 20% (51), and the major population of T-DM1 prior treated patients is considered to have an acquired resistance to T-DM1 (52) . As one of the mechanisms of acquired resistance to T-DM1, a loss of sensitivity to DM1, and a downregulation of HER2 protein were reported on the basis of preclinical assessment (53, 54) . In the assessment, the sensitivity to CTP-11 in trastuzumab-maytansinoid conjugate (similar to T-DM1)-resistant MDA-MB-361 cells did not change, whereas about 3-to 4-fold loss of sensitivity to DM1-SMe was observed (53) . Therefore, we greatly expect that DS-8201a is effective against tumors with acquired resistance to T-DM1, unless HER2 completely disappears from the cell membrane. It is because DS-8201a could be effective against HER2-low tumors.
The mechanism of action of the payload is also known to affect the safety profile of ADCs. In a clinical setting, the major adverse events of T-DM1 are thrombocytopenia and peripheral neuropathy as typical toxicities of tubulin inhibitor-conjugated ADCs (10, 26, 51) . A platelet decrease was observed in a monkey study with T-DM1 (25) , which is associated with thrombocytopenia limiting the MTD of T-DM1 to 3.6 mg/kg every 3 weeks in the clinic (26) . Irreversible axonal degeneration by T-DM1 was noted in monkeys as well (25) , which was considered to be correlated with peripheral neuropathy in humans (26) . A repeated dose of DS-8201a to monkeys induced no toxicities suggestive of the thrombocytopenia or peripheral neuropathy which were observed in the monkey studies with T-DM1. DS-8201a caused pulmonary toxicity in monkeys at !30 mg/kg (every 3 weeks for 3 doses), while it was not observed in rats (antigen-nonbinding species). Similarly, T-DM1 caused infiltration of mononuclear cells into the interstitium of the lung in cynomolgus monkeys at !10 mg/kg (every 3 weeks for 4 doses), which was not seen in rats (25) . The evidence of HER2 protein expression on cell membranes of epithelial cells in the lung in humans (55) , and the absence of the pulmonary findings in rats seems to suggest that the pulmonary effects of T-DM1 and DS-8201a may be mediated by HER2 expression in the lung.
The preclinical safety profile warranted clinical investigation, and the phase I dose escalation was initiated in August 2015 in Japan (Trial registration ID: NCT02564900). In the phase I dose expansion, the tolerability and efficacy against T-DM1 prior treated breast cancer patients, trastuzumab prior treated gastric cancer patients, and HER2 low-positive breast cancer patients will be assessed. The results stated in the current article support the view that DS-8201a can become an attractive and promising HER2-targeting ADC with the novel topoisomerase I inhibitor, which provides an additional treatment option to current HER2-targeting therapies; it is effective not only against breast cancer, but also many types of HER2-expressing cancers, including T-DM1-refractory and low HER2-expressing cancers, and exhibits a great efficacy in patients.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed. 
